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ABSTRACT
The mergers of two neutron stars are typically accompanied by broad-band electro-
magnetic emission from either a relativistic jet or a kilonova. It has also been long pre-
dicted that coherent radio emission will occur during the merger phase or from a newly
formed neutron star remnant, however this emission has not been seen to date. This
paper presents the deepest limits for this emission from a neutron star merger folowing
triggered LOFAR observations of the short gamma-ray burst (SGRB) 181123B, start-
ing 4.4 minutes after the GRB occurred. During the X-ray plateau phase, a signature
of ongoing energy injection, we detect no radio emission to a 3σ limit of 153 mJy
at 144 MHz, which is significantly fainter than the predicted emission from a stan-
dard neutron star. Snapshot images were made of the radio observation on a range of
timescales, targeting short duration radio flashes similar to fast radio bursts (FRBs).
No emission was detected in the snapshot images at the location of GRB 181123B
enabling constraints to be placed on the prompt coherent radio emission model and
emission predicted to occur when a neutron star collapses to form a black hole.
Key words: gamma-ray burst: individual: GRB 181123B – radio continuum: tran-
sients
1 INTRODUCTION
The detection and association of the gravitational wave
event, GW170817, and the short Gamma-Ray Burst
(SGRB) 170817A confirmed the theory that the progenitor
of many SGRBs is the merger of two neutron stars (Abbott
et al. 2017). However, the nature of the remnant formed via
this merger is still debated, with the two competing mod-
els being a black hole or a massive, rapidly rotating, highly
magnetised neutron star (hereafter referred to as a magne-
tar; e.g. Fong et al. 2016; Ai et al. 2018; Piro et al. 2019; Liu
et al. 2020). Current gravitational wave observatories lack
the sensitivity required to answer this question (e.g. Abbott
et al. 2019), though the next generations of gravitational
wave observatories may be able to measure the properties of
the remnant in the future (e.g. Banagiri et al. 2020).
Tantalising observational evidence shows that the cen-
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tral engine powering the GRB is active long after the merger
of the two neutron stars, leading to flares and plateau phases
in the electromagnetic light curve (Rowlinson et al. 2013).
Rowlinson et al. (2013) showed that the plateau phases in
X-ray light curves following many SGRBs are consistent
with the central engine being a magnetar. While support
for this model has increased, there is currently no ‘smok-
ing gun’ observation to prove that a magnetar was formed
via the merger of two neutron stars. However, as outlined
by Rowlinson & Anderson (2019) and references therein, if
a magnetar is formed we would expect it to produce copi-
ous amounts of radio emission via a range of mechanisms.
This radio emission is not expected if the remnant formed
is a black hole. Identifying this radio emission would thus
provide convincing support for the magnetar model.
Following the discovery of Fast Radio Bursts (FRBs;
e.g. Lorimer et al. 2007; Thornton et al. 2013), several of
the progenitor theories suggested they could come from cat-
aclysmic events such as binary neutron star mergers (e.g.
Zhang 2014). The discovery of repeating FRBs (such as FRB
© 2020 The Authors
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121102; Spitler et al. 2014, 2016), showed that at least some
FRBs were not coming from cataclysmic events. Therefore,
either they are all not due to cataclysmic events or there
are at least two different progenitors possible for FRBs.
The recent detection of FRBs from the Galactic magentar
SGR 1935+21 (The CHIME/FRB Collaboration et al. 2020;
Kirsten et al. 2020) further supports the possibility of bright
coherent radio emission coming from newborn magnetars
formed during GRBs. Recent advances in the localisation of
FRBs within their host galaxies have revealed a variety of
FRB host galaxy types and environments. Host galaxy com-
parison studies have found that a subset of the FRB hosts
are consistent with the hosts of SGRBs (Margalit et al. 2019;
Li & Zhang 2020). Gourdji et al. (2020) consider the likeli-
hood that some of those non-repeating FRBs are consistent
with some of the coherent radio emission models for compact
binary mergers.
Previous efforts to identify this coherent radio emis-
sion following SGRBs have been unsuccessful. Early searches
have either been very insensitive (> 100 Jy) and/or have
only sampled a small number of SGRBs to date (Cortiglioni
et al. 1981; Inzani et al. 1982; Koranyi et al. 1995; Dessenne
et al. 1996; Balsano et al. 1998). With the advent of the
next generation of radio telescopes, with either large fields
of view or rapid slew capabilities, searches have resumed in
earnest to find this elusive emission. Recent searches using
the Murchison Widefield Array (MWA; Tingay et al. 2013)
and the Owens Valley Radio Observatory Long Wavelength
Array (OVRO-LWA; Hallinan 2014) have started obtaining
constraining limits for SGRBs at low radio frequencies (for
SGRBs 150424A, 170112A and 180805A; Kaplan et al. 2015;
Anderson et al. 2018; Rowlinson & Anderson 2019; Anderson
& et al. 2020a). Meanwhile the LOw Frequency ARray (LO-
FAR; van Haarlem et al. 2013) has also demonstrated its po-
tential to obtain deep constraints on this emission by follow-
ing up the long GRB 180706A (Rowlinson et al. 2019). Addi-
tionally, at 1.4 GHz, the Australian Square Kilometer Array
Pathfinder (ASKAP; Hotan et al. 2014) has followed up 20
GRBs (including four SGRBs) with their rapid response sys-
tem (Bouwhuis et al. 2020). After searching their data for
FRBs, they concluded there was no pulsed radio emission
above 26 Jy ms. Although these are all non-detections to
date, they have proven that the required sensitivities can be
obtained to test the various models (Rowlinson & Ander-
son 2019). Many SGRBs do not show evidence of ongoing
central engine activity and, hence, are more likely to have
formed a black hole remnant so radio emission is not ex-
pected. Also, of the SGRBs with ongoing energy injection,
these need to either be sufficiently energetic or nearby to
produce detectable radio emission (Rowlinson & Anderson
2019).
Due to its sensitivity and rapid response mode enabling
observations to start within 5 minutes of an alert, LOFAR is
an ideal facility to chase the predicted radio emission. Since
2017, LOFAR has been responding fully automatically to
GRB alerts and, on 2018 November 23, was successful in ob-
taining data following a SGRB detected by the Neil Gehrels
Swift Observatory (hereafter referred to as Swift; Gehrels
et al. 2004). This paper presents the deep search for coher-
ent radio emission following this SGRB. In Section 2, we
present the observational data obtained for this event, while
Figure 1. In the top panel of this figure, we plot the 0.3–10 keV
flux light curve of GRB 181123B, where the black data points
were obtained by the BAT (extrapolated to 0.3–10 keV) and the
blue data points are from the XRT. The shaded region shows the
time of the LOFAR observation. In the bottom panel, we show the
144 MHz flux density limits obtained by LOFAR at the location
of GRB 181123B on four snapshot timescales (8, 24, 56 and 136
seconds). The solid black line shows a flux density of 0 Jy and the
dashed line shows the rms noise of the images in the inner 18 th of
the image.
in Section 3 we compare the observations to predictions tai-
lored to this event.
2 OBSERVATIONS OF GRB 181123B
2.1 Swift Observations
The Swift Burst Alert Telescope (BAT; Barthelmy et al.
2005) triggered and located GRB 181123B (trigger=873186)
MNRAS 000, 1–11 (2020)
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on 2018 November 23 at 05:33:03 UT (Lien et al. 2018).
Swift slewed immediately to the burst, and X-Ray Tele-
scope (XRT; Burrows et al. 2005) observations began 80.2
s after the BAT trigger, locating the X-ray afterglow to
within a 90% error region of 1.6′′ radius at a position of
RA: 184.36686 degrees, Dec: 14.59788 degrees1. The dura-
tion of T90 = 0.4 s (Lien et al. 2018) and the lag analysis (Nor-
ris et al. 2018) confirm that this is a short GRB, possibly
accompanied by extended emission (observed at low signifi-
cance). The GRB was also detected above the BAT energy
band by Insight-HXMT, which recorded a duration of 0.23
s (Yi et al. 2018). Swift’s UltraViolet and Optical Telescope
(UVOT Roming et al. 2005) did not detect a counterpart
(Oates & Lien 2018).
In Figure 1 we show the Swift BAT and XRT 0.3–10
keV observed flux light curves (black and blue data points
respectively) obtained using the Swift Burst Analyser (Evans
et al. 2010). The light curve consists of a single prompt, γ-ray
flare followed by a fading X-ray counterpart that is modelled
using a single power law decline of αX = 1.31+0.15−0.14 (Burrows
et al. 2018).
2.2 Other Observations
A faint and likely extended near-infrared counterpart within
the XRT error circle was reported 9.2 h after the trigger
with i(AB) ∼ 23.32 ± 0.25 (Fong et al. 2018) and J(AB) ∼
22.94 ± 0.19 (Paterson & Fong 2018). A second observation
of that source found a marginal detection with J(AB) > 23.3
(Paterson et al. 2018) at 3.38 days so this may be the host
galaxy but no redshift information is available.
An 8 hour radio observation was also obtained using
the Australia Telescope Compact Array, at 5 and 9 GHz,
starting at 12.5 hours post burst providing upper limits of
66 and 69 µJy respectively (Anderson & et al. 2020b).
2.3 LOFAR Observations
Since November 2017, LOFAR has been able to fully au-
tomatically respond to transient alerts, which are typically
communicated via VOEvents (Williams & Seaman 2006).
We utilise VOEvents that are redistributed via the 4 Pi
Sky broker (Staley & Fender 2016) and receive them us-
ing the Comet broker software (Swinbank 2014). Transients
are then filtered according to predetermined triggering cri-
teria, including: identification of source (GRB), Swift trig-
ger integration time (≤ 1 second), elevation of the source
(≥15 degrees) and calibrator availability. Following this, an
xml observing request is sent to the LOFAR system. GRB
181123B passed the triggering criteria and LOFAR obser-
vations started 4.4 minutes after the GRB occurred. A 2
hour LOFAR observation was started at 05:37:25 UTC on
2018 November 23 and was centred on the BAT localisa-
tion of GRB 181123B. The observation time is highlighted
by the red shaded region in Figure 1. Unfortunately, due to
a scheduling error, the full observation was not completed
(total usable observation time attained: 71.2 minutes) and
the calibrator observation was not completed automatically.
The LOFAR Radio Observatory manually scheduled a 15
1 www.swift.ac.uk/xrt positions
Figure 2. This image of the region surrounding GRB 181123B
was attained using 71.2 minutes of LOFAR data. The circle shows
the location of GRB 181123B and the 3σ upper limit on the flux
density of this event is 60 mJy beam−1.
minute calibrator observation of 3C286 at 13:20:03 UTC on
2018 November 23.
In order to benefit from the deep 8 hour images at-
tained for much of the Northern Hemisphere by the LOFAR
Two Meter Sky Survey (LoTSS; Shimwell et al. 2018), we
matched our observational setup to that of LoTSS. When
available, the LoTSS observations provide a deep compari-
son image and accurate sky model of the field for calibration
purposes. The observations were completed using the LO-
FAR High Band Antennas (HBA), with a frequency range
of 120–168 MHz and a central frequency of 144 MHz, cov-
ered by 244 sub-bands each with a bandwidth of 195.3 kHz.
We used the Dutch LOFAR stations, 23 core stations and 11
remote stations. The data were recorded using a time-step
of 1 second and 64 channels per sub-band. Our observations
were pre-processed using the standard methods for LOFAR
(van Haarlem et al. 2013).
2.3.1 Calibration
Following the method outlined in Rowlinson et al. (2019),
the LOFAR observations were calibrated using prefactor2
and a strategy based upon that presented in van Weeren
et al. (2016). Both the target and calibrator observations
were flagged for excess radio frequency interference using
AOFlagger (Offringa et al. 2010, 2012). One of the bright-
est sources in the radio sky, Virgo A, is 3.9 degrees from
the position of the GRB and dominated the radio image.
Using the detailed skymodel provided with prefactor, we
removed the contribution of Virgo A from the observations.
The calibrator and target visibility data were averaged in
time to 8 seconds and in frequency to 48.82 kHz (4 channels
per subband).
Using the model obtained by Scaife & Heald (2012), we
obtained the diagonal gain solutions for the calibrator source
3C286, which were then transferred to the target visibility
data. The target subbands were combined in groups of 10,
2 https://github.com/lofar-astron/prefactor
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resulting in combined datasets of 1.953 MHz. A sky model of
the target field was obtained using the global sky model de-
veloped by Scheers (2011) and the TIFR GMRT Sky Survey
at 150 MHz (TGSS; Intema et al. 2017)3. The sky model
of the field was then used to conduct a phase calibration of
the target visibilities.
2.3.2 Imaging
We imaged the full LOFAR observation using WSClean
(Offringa et al. 2014) using a primary beam correction,
Briggs weighting, a pixel scale of 10 arcseconds and base-
lines up to 12km. Cleaning was conducted using an auto-
matic threshold and 104 iterations. The final image has a
central frequency of 144 MHz and a bandwidth of 48 MHz.
The image has a typical angular resolution of ∼30 arcsec.
The region surrounding GRB 181123B is shown in Figure 2
and the image RMS at the GRB location (30 arcsecond ra-
dius) is 20 mJy beam−1, corresponding to a 3σ upper limit of
60 mJy beam−1. Using the Python Source Extractor (PySE;
Carbone et al. 2018) we also conduct a forced source extrac-
tion at the position of the GRB holding the shape and size of
the Gaussian shape fitted fixed to the restoring beam shape.
We measure a peak flux density of −29±38 mJy beam−1 (the
uncertainty on this value is as measured by PySE; Carbone
et al. 2018).
We created a Stokes I image of the visibilities using WS-
Clean (Offringa et al. 2014)4 with Briggs weighting, a pixel
scale of 10 arcseconds and baselines up to 12 km. As the
image integration times increased, we found that the auto-
matic Clean process in WSClean was diverging, likely due
to remaining noise contributions following the subtraction
of Virgo A and confusion noise, so the Clean process was
stopped after 10,000 iterations. Therefore the typical rms
noise is not expected to follow the expected relationship that
the rms noise drops as t
1
2 , where t is the integration time.
As the X-ray data may show a plateau phase out to
∼400 seconds, we first created a radio image using the first
136 seconds of data to search for emission associated with
this phase. The image RMS at GRB location (30 arcsec-
ond radius) is 51 mJy beam−1, corresponding to a 3σ up-
per limit of 153 mJy beam−1. Using PySE, we measure a
peak flux density of −9 ± 50 mJy beam−1, corresponding to
a non-detection. Additionally, using the intervals-out option
in WSClean, we created snapshot images using the source-
subtracted visibilities of durations 8, 24, 56, 136 seconds (the
motivation for this range of time scales is outlined in Section
3.3).
We use the monitoring list capability of the LOFAR
Transients Pipeline (TraP; Swinbank et al. 2015) to mea-
sure the flux density at the location of the GRB. TraP also
monitors the typical rms noise in the inner 18 th of the input
images. In Table 1, we give the typical rms noise for the
different imaging time scales.
In Figure 1, we show the light curves produced by TraP
for each of the different time scales of snapshot images (the
integration time of each image is shown by the horizontal
error bars), with the image rms over plotted with the black
3 urlhttp://tgssadr.strw.leidenuniv.nl/doku.php
4 http://wsclean.sourceforge.net
Time scale rms noise
(seconds) (mJy beam−1)
8 76 ± 12
24 69 ± 9
56 58 ± 8
138 42 ± 5
Table 1. The average rms noise for the images from each time
scale with the 1σ standard deviation.
lines. As can be seen from this Figure, the flux densities
at the GRB location are consistent with the noise in the
inner 18 th of the images (n.b. in some images the local flux
measurement, represented by the blue data points, can be
lower than the image rms due to the local rms being slightly
lower than the image rms). Therefore, no coherent emission
was detected from GRB 181123B in this analysis.
3 MODELLING AND INTERPRETATION
3.1 Propagation effects for low frequency radio
emission
Coherent radio emission is known to be subject to significant
propagation affects, limiting its ability to be detectable at
low radio frequencies. Plasma close to the source is opaque
below a fixed frequency that is directly proportional to the
number density of electrons in the plasma, thus dense regions
may be able to block coherent radio emission at LOFAR
frequencies. Zhang (2014) showed that in the case of SGRBs,
such as GRB 181123B, the emission is expected to be able
to escape along the jet propagation axis.
Additionally, the surrounding medium can interact with
the low frequency photons, leading to free-free absorption,
with a strong dependence on the temperature and density of
the surrounding interstellar or intergalactic medium. Using
the X-ray spectrum of GRB 181123B, we are able to estimate
the absorption due to neutral hydrogen along the line of sight
to this GRB. Using the automated X-ray spectrum provided
by the UK Swift Science Data Centre, GRB 181123B has an
intrinsic absorption column of NH = 2.5+6.6−2.5×1020 cm−2. This
is a low absorption column, consistent with zero intrinsic ab-
sorption, showing that GRB 181123B most likely occurred
in a very low density medium so free-free absorption is ex-
pected to be low.
These propagation affects are considered in depth by
Rowlinson & Anderson (2019), who show that they are likely
to not affect the coherent radio emission in compact binary
mergers such as the likely progenitor of GRB 181123B.
3.2 Constraints on prompt emission
We are able to place constraints on the presence of prompt
radio emission from GRB 181123B even though the LO-
FAR observations do not cover the same time period as the
prompt gamma-ray emission. This is because it takes longer
for radio emission to propagate to the Earth than it does
for the gamma-ray emission. This is due to dispersion de-
lay, a frequency dependent delay due to the the integrated
column density of free electrons along the line of sight. The
MNRAS 000, 1–11 (2020)
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dispersion delay, τ, in seconds is given by
τ =
DM
241ν2GHz
s, (1)
where DM is the dispersion measure in pc cm−3 and νGHz is
the observing frequency in GHz (Taylor et al. 1993). Given
the 4.4 minute delay between the prompt emission and the
start of the LOFAR observations, we are able to probe DM
values ≥ 1319 pc cm−3. According to the NE20001 model
of free electrons in our Galaxy, the Galactic component of
the DM in the line of sight towards GRB 181123B is 56 pc
cm−3 (Cordes & Lazio 2002). Assuming a relation between
DM and redshift (DM ∼ 1200z pc cm−3; e.g. Ioka 2003),
we are able to constrain the prompt emission for redshifts
& 1.05 (assuming zero contribution from their host galaxy
and subtracting the contribution of 56 pc cm−3 from the
Milky Way).
If the prompt coherent radio emission originates from
the same location as the prompt gamma-ray emission, we
can constrain the power ratio, 〈δ〉:
〈δ〉 = Φr
Φγ
(2)
where Φr and Φγ are the radio and gamma-ray bolometric
fluences respectively. The model proposed by Usov & Katz
(2000), in which the radio and gamma-ray emission originate
from magnetic reconnection in a strongly magnetized jet,
can be constrained using this ratio and it is equivalent to
〈δ〉 ' 0.1B where B is the proportion of energy contained
in the magnetic fields. In Rowlinson et al. (2019), we show
for typical GRB gamma-ray spectra and observations at 144
MHz that:
〈δ〉 ' [4.7 − 7.2] × 109(1 + z)0.6−0.3B
Φν
Φγ
(3)
where Φν is the fluence limit obtained in the shortest snap-
shot radio images, corresponding to a 3σ limit of 1.8± 0.3×
103 Jy ms for our 8 second images for GRB 181123B (see Ta-
ble 1). The gamma-ray fluence for GRB 181123B was mea-
sured by Swift to be 3.8 ± 1.2 × 10−07 erg cm−2 in the 15 –
350 keV energy band (Palmer et al. 2018). Assuming a red-
shift of 1.05, we can thus constrain the fraction of energy
stored in the magnetic fields within the relativistic jets of
GRB 181123B to be 0.009 . B . 0.027. Therefore, if we
knew that the redshift of this event was greater than 1.05,
we would be able to rule out this model as B is at least
an order of magnitude lower than expected for magnetic re-
connection models for the prompt emission in GRBs (e.g.
Beniamini & Piran 2014).
Therefore, future observations of high redshift events
or with a more rapid slew time would enable us to tightly
constrain the Usov & Katz (2000) model (see also the appli-
cation of this model to LOFAR follow-up of X-ray flares by
Starling et al. 2020).
3.3 Constraints on Fast Radio Bursts
As outlined in the introduction, a proportion of the FRBs
may be associated with the merger of two neutron stars,
with the emission originating from mechanisms prior to the
merger, during the merger or post merger (see e.g. Rowlin-
son & Anderson 2019; Gourdji et al. 2020, and references
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Figure 3. The minimum FRB flux density detectable in the LO-
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ysis are shown by the red dashed lines, with their corresponding
DM values shown on the top x-axis. The shaded region illustrates
the Galactic component of the DM in the sight line towards GRB
181123B.
therein). The LOFAR observation of GRB 181123B can be
utilised to constrain the emission from dispersed FRBs orig-
inating from this source.
Here, we use the method outlined in Rowlinson et al.
(2019) to determine the optimal snapshot time and the asso-
ciated minimum detectable FRB flux densities at a range of
dispersion measures (DMs). For consistency with previous
works, the width of an FRB is assumed to be 1 millisecond.
The minimum detectable flux densities are obtained using
equations 2 and 3 in Rowlinson et al. (2019), scaled using the
3σ upper limit of 126 mJy obtained in the 138 second inte-
grated images. As the rms noise values are not following the
typical relationship of t
1
2 (see Section 2.3.2), this provides
conservative minimum detectable flux densities. The opti-
mal snapshot time, for the LOFAR observing band of 120.5
– 167 MHz, for a given DM value is calculated using equation
4 in Rowlinson et al. (2019). We assume this GRB occurred
within a redshift of 1, corresponding to an IGM contribution
to the DM of up to 1000 pc cm−3 with a Galactic contribu-
tion of 56 pc cm−3 (including a contribution of 30 pc cm−3
from our Galaxy halo; Yamasaki & Totani 2020; Dolag et al.
2015). Then, using a minimum snapshot integration time of
8 seconds, we use 4 snapshot timescales roughly logarithmi-
cally spaced to cover this range of 8, 24, 56 and 136 seconds.
The minimum detectable FRB flux densities as a function
of the snapshot timescale, or DM, are plotted in Figure 3.
In the 8 second snapshot images, we are sensitive to FRBs
with flux densities &400 Jy. No FRBs were detected in the
snapshot images of GRB 181123B.
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3.4 Constraints on the magnetar central engine
model
As outlined in Section 1, SGRBs like GRB 181123B are be-
lieved to originate from the merger of two neutron stars or
a neutron star and a black hole. A number of theories have
been proposed to produce coherent radio emission between
stages prior to and following the merger process (see Rowlin-
son et al. 2019; Gourdji et al. 2020, and references therein).
SGRBs exhibiting a plateau phase in their X-ray light curves
are consistent with mergers of two neutron stars that com-
bine to form a hyper-massive neutron star with high mag-
netic fields (hereafter referred to as magnetars; Rowlinson
et al. 2010, 2013). If the X-ray plateau phase is followed by
a steep decay phase, these are interpreted to be magnetars
that are too massive to become stable neutron stars and col-
lapse to form a black hole. As can be seen in Figure 1, the
X-ray light curve of GRB 181123B shows a plateau phase
and a subsequent steep decay phase. Thus GRB 181123B can
be explained as a merger of two neutron stars that led to an
unstable magnetar that collapsed a few hundred seconds af-
ter its formation. Therefore, in this section, we are able to
test two of the models outlined by Rowlinson & Anderson
(2019) relating to the formation and subsequent collapse of
a magnetar.
3.4.1 Modelling of X-ray light curve
Assuming a magnetar was produced during GRB 181123B
and is powering the plateau phase in the X-ray light curve,
we can deduce the key magnetar parameters by fitting the
magnetar model to the rest-frame light curve. Following the
method outlined in Rowlinson et al. (2013, 2019), we take
the observer frame X-ray light curve (as shown in Figure 1)
and convert it to a rest-frame light curve in the 1–10,000
keV energy band. In this conversion, we assume the average
SGRB redshift of 0.7 (e.g. Rowlinson et al. 2013) and use a
k-correction (Bloom et al. 2001).
Using the method outlined in Rowlinson et al. (2013),
we fitted the magnetar model (Zhang & Me´sza´ros 2001) to
the rest-frame light curve. As outlined in Rowlinson et al.
(2019), the magnetar model is given by:
B215 = 4.2025M
2
1.4R
−2
6 L
−1
0,49T
−2
em,3 f , (4)
P2−3 = 2.05M1.4R
2
6L
−1
0,49T
−1
em,3 f , (5)
where B = 1015B15 G is the magnetic field of the magnetar,
P = 10−3P−3 s is the initial spin period of the magnetar,
R = 106R6 cm is the radius of the magnetar, M = 1.4M1.4
M is the mass of the magnetar, T = 103Tem,3 is the plateau
duration and L = 1049L0,49 is the plateau luminosity. Here,
f =
( 
1 − cos θ
)0.5
(6)
is a factor encompassing all the uncertainties in the beaming
angle, θ, and the efficiency of conversion of the spin energy
into X-rays,  . When f = 1 the system is assumed to emit
X-rays isotropically with 100 per cent efficiency. In the sub-
sequent analysis, we utilise f ∼ 3.45 to account for some
beaming and efficiency in the X-rays following the analysis
of Rowlinson et al. (2019).
We find that the rest-frame light curve, at a redshift
of 0.7, can be fitted with an unstable 1.4M magnetar that
Figure 4. This figure shows the rest frame X-ray light curve,
assuming a redshift of 0.7. The red line shows the magnetar model
fit obtained, corresponding to a magnetic field of 2.4+1.3−1.3 × 1014 G
and spin period of 0.095+0.011−0.020 ms.
collapses at ∼400 seconds with a magnetic field of 2.4+1.3−1.3 ×
1014 G and spin period of 0.095+0.011−0.020 ms. In addition to the
magnetar component, there is a power-law decay from the
prompt gamma-ray emission, with a slope of α = 0.973+0.039−0.040.
We show this fitted model in Figure 4.
For the assumed redshift of 0.7, we find that the fit-
ted magnetar is spinning unphysically fast as it is spinning
significantly faster than the spin break-up limit (0.8 ms for
a 1.4 M neutron star; Lattimer & Prakash 2004). For a
higher mass neutron star of 2.1M, as might be expected
from a neutron star merger, the spin break-up limit is a
lower value (0.55 ms, as calculated using equation 3 of Lat-
timer & Prakash 2004, assuming a radius of 10 km). For
an unstable 2.1M magnetar we find a magnetic field of
3.6+2.0−1.9 × 1014 G and spin period of 0.116+0.017−0.024 ms. However,
the fitted spin period at a redshift of 0.7 for this heavier
magnetar scenario is still significantly smaller than the 0.55
ms spin break-up period. Therefore, if GRB 181123B is to
be explained using the magnetar central engine model, the
redshift of the event must be significantly lower than the
average SGRB redshift. We can thus constrain the redshift
of GRB 181123B by assuming that a magnetar, with spin
period less than the spin break-up, was formed. Using the
following scalings (from Rowlinson & Anderson 2019; Rowl-
inson et al. 2019), we can determine the magnetic fields and
spin periods as a function of the assumed redshift,
B15 ∝
(1 + z)
DL
, (7)
P−3 ∝ (1 + z)
1
2
DL
. (8)
In Figure 5, we plot the magnetic field and spin period of
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Figure 5. This figure shows the magnetic fields and spin periods
for the population of SGRBs fitted with the magnetar model (red
data points, from Rowlinson et al. 2013). The black vertical lines
represent the spin break-up periods for 1.4 M (solid line) and
2.1 M (dashed line) neutron stars. The blue diagonal lines show
the solutions for GRB 181123B (1.4 M with a solid line and 2.1
M with a dashed line) at a range of redshifts (some labelled for
reference) up to the spin break-up limits. GRB 181123B would
need to be at a redshift < 0.08 to be consistent with forming a
1.4 M magnetar or at a redshift < 0.14 to be consistent with
forming a 2.1 M magnetar.
GRB 181123B, for a range of redshifts from z=0.005 up to
the highest redshift attainable before the spin period is faster
than that allowed by the spin break up limit. We plot the
solutions for both a 1.4 M (solid blue line) and a 2.1 M
(dashed blue line) neutron star. For comparison, we also
show the population of SGRBs fitted by the magnetar model
from Rowlinson et al. (2013). We find the maximum redshifts
that GRB 181123B could have occurred at (and still be fitted
with the magnetar model) are zmax = 0.08 and zmax = 0.14,
for the 1.4 M and 2.1 M scenarios respectively. As the
fitted model shows that the magnetar collapsed at ∼400 sec-
onds, the observations are consistent with a higher mass
magnetar being formed.
3.4.2 Host galaxy constraints
As noted in Section 2.2, a faint extended source was found
at the GRB location that may be the host galaxy, though
no redshift was attained. Here, we also consider other host
galaxy candidates for GRB 181123B. Since compact binary
systems can be found at significant offsets from their hosts,
due to natal kicks or dynamical processes (e.g. Salvaterra
et al. 2010; Tunnicliffe et al. 2014; Bray & Eldridge 2016), we
performed a catalogue search beyond the XRT error circle.
To take the nearest in separation, we briefly discuss galaxies
of interest within 20′′ of the UVOT-enhanced XRT posi-
tion. We find one galaxy with redshift only just beyond the
z = 0.14 limit for a magnetar engine following our X-ray anal-
ysis in section 3.4.1. SDSS J121727.68+143609.2 has a pho-
tometric redshift estimate of 0.326±0.101 (e.g. Alam et al.
2015) and can be classified as an early-type galaxy when
considering the SDSS ugr colours (Strateva et al. 2001). At
that redshift and with a separation from the XRT position
of 17.6′′, the implied projected offset is 84 kpc. Two fur-
ther SDSS galaxies are found at smaller separations of ∼7′′:
SDSS J121728.29+143546.3 at z = 0.575 ± 0.043 and impact
parameter 51 kpc, classified as a red, early-type galaxy and
SDSS J121728.29+143546.4 (WISEA J121728.29+143546.2)
which has no redshift but can be classified as a starburst
galaxy from its WISE colours, consistent with a late-type
classification from the SDSS colours.
We then carried out a catalogue search using NED and
SIMBAD, for all galaxies with known distance ≤ 366 Mpc
(corresponding to our X-ray limit of z ≤ 0.08 for a 1.4 M
magnetar) and projected offset ≤ 200 kpc, using the galaxy-
matching method of Mandhai et al. (2019). This results in
5 galaxy candidates. Three are 2MASX sources associated
with bright galaxies NGC 4254, NGC 4262 and IC 3065 at
distances 13.9–16.6 Mpc and with impact parameters span-
ning 91-164 kpc. These galaxies have significant separations
from the GRB however, of 22–34′. Two are faint galaxies
in SDSS-DR12, found at 7′ and 2′ separations respectively:
SDSS J121753.41+143228.2, at 76 Mpc distance with impact
parameter 156 kpc, which can be classified as an early-type
galaxy and SDSS J121721.17+143706.6, at 285 Mpc and im-
pact parameter 170 kpc, with a WISE counterpart and clas-
sified as a late-type galaxy. These are therefore promising
host candidates.
3.4.3 Pulsar like emission
Assuming a 2.1 M magnetar was formed, we can predict
the expected pulsar emission from this source assuming the
model proposed by Totani (2013) (see also Pshirkov & Post-
nov 2010) following the method outlined in Rowlinson et al.
(2019). The predictions made in the following section only
change slightly for the 1.4 M magnetar and hence the con-
clusions drawn hold even if the magnetar has a lower mass.
Totani (2013) showed that the radio flux density of the pul-
sar like emission produced by the newly formed magnetar is
given by
Fν ' 8 × 107ν−1obsrD−2lumB215R66P−4−3 Jy (9)
where Dlum is the luminosity distance in Gpc, νobs is the
frequency in MHz and r is the efficiency. In this model we
assume that the pulsar magnetic field axis is directed to-
wards Earth (see the discussion in Rowlinson et al. 2017)
and that the magnetar is emitting via dipole radiation (see
Lasky et al. 2017, for further discussion). In this analysis, we
take the typical pulsar efficiency of 10−4 (e.g. Taylor et al.
1993) but note that this value is poorly known (see Rowl-
inson & Anderson 2019; Rowlinson et al. 2019, for further
discussion). Taking into account the uncertain parameters
in the models, namely f and r , we find that the predicted
flux density is given by
Fν = 6.8+38−5.9 × 107
r
f
Jy. (10)
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Figure 6. In this Figure, we show the predicted emission as a
function of redshift for the two coherent emission models consid-
ered for GRB 181123B (black solid lines) with their associated
1σ uncertainties (black dashed lines and shaded region). The red
dotted vertical lines show the maximum redshifts of 0.08 and 0.14,
for a 1.4 M magnetar and a 2.1 M magnetar respectively. Top:
this shows the predicted flux density for a spinning down mag-
netar (c.f. Section 3.4.3) assuming a pulsar efficiency of  = 10−4.
The observed 3σ flux density limit of 153 mJy during the plateau
phase is shown as the black dotted horizontal line. Bottom: this
shows the predicted fluence for a magnetar collapsing to form a
black hole (c.f. Section 3.4.4) assuming an efficiency of 10−6 with
the shaded area representing an efficiency range of 10−4 – 10−8.
The observed 3σ fluence limit of 1.8× 103 Jy ms for the 8 second
images is shown as the black dotted horizontal line.
The fraction f can be constrained to be 3.45 ± 0.29 (Rowl-
inson et al. 2014; Rowlinson & Anderson 2019). Therefore,
given the predicted value of Fν , the allowed range of f , and
the observed LOFAR upper limit of the flux density at the
position of GRB 181123B in the 400 seconds integrated ob-
servation of 153 mJy, we find that r ≤ 6 × 10−8. Therefore,
as no emission was detected, it is shown that GRB 181123B
either did not form a magnetar, the surrounding medium is
effectively blocking the emission, the beaming of the radio
emission is different to that of the X-ray emission or the
model proposed by Totani (2013) is not correct. In Ander-
son & et al. (2020a), they consider the same model for the
short GRB 180805A, however for that event the emission
was predicted to be too faint to be observable due to having
a lower energy magnetar (from fitting the X-ray light curve
its spin was slower and the magnetic field was lower than
that fitted for GRB 181123B). More observations of other
GRBs will be required to increase the statistical significance
of this non-detection and to explore the observed range of
magnetic fields and spin periods.
3.4.4 Emission associated with collapse to black hole
Assuming a magnetar was formed during SGRB 181123B,
the X-ray fitting suggests it was an unstable neutron star
that collapsed to form a black hole at ∼400 seconds abruptly
ending the plateau phase (see Section 3.4.1). This collapse is
thought to be accompanied by a brief flash of coherent radio
emission as magnetic reconnection occurs within the pulsar
magnetosphere (Falcke & Rezzolla 2014; Zhang 2014). As
shown in Rowlinson et al. (2019), the observed flux density,
f , at a given observing frequency, νobs, can be described as:
fν = −10
−23EB
4piD2
lum
τ
(α + 1)ν−(α+1)p
να
obs
(1 + z)
τ
tint
Jy, (11)
where EB is the amount of energy available in the mag-
netic field of the neutron star in erg (given by Eb = 1.7 ×
1047B215R
3
6 erg),  is the fraction expected to be converted
into coherent radio emission, tint is the intrinsic duration of
the emission in seconds (assumed to be 1 millisecond in this
analysis; Falcke & Rezzolla 2014), α is the spectral index
of the radio emission, νp is the plasma frequency given by
νp ' 9ne kHz, ne is the number density of electrons in cm−3
and tint is the integration time of the image in seconds.
For GRB 181123B, we assume a spectral slope of the
coherent radio emission to be α = −2, the efficiency to be
 = 10−6 and take the magnetar parameters from Section
3.4.1. In Figure 6, we plot the predicted fluence for this event
(with the upper and lower bounds being for  = 10−4 and
10−8 respectively) and over plot the fluence limit attained
in our shortest snapshot images (a flux limit of 76 mJy in
an 8 second image corresponds to 1.8 × 103 Jy ms). From
this analysis, we would only have a chance of detecting this
emission if GRB 181123B occurred at a redshift . 0.05 and
the efficiency is of order 10−4. We note that if the assumed
spectral index was larger than α = −2, this emission would
be easily detectable by our LOFAR observations.
Our non-detection can be interpreted in a number of
ways. Firstly, the efficiency and spectral index of the emis-
sion is low and hence it is undetectable in our images. Mak-
ing shorter duration images and/or conducting image plane
de-dispersion (as in; Anderson & et al. 2020a) will increase
the chance of detection. Secondly, the merger was expected
to be at a higher redshift than 0.05 and hence too distant to
be detected. Thirdly, the interpretation that the X-ray light
curve shows the formation and collapse of a magnetar is in-
correct. Fourthly, the emission is beamed away from us or is
unable to propagate through the surrounding medium. As
found in Section 3.4.3, more observations of other GRBs are
required to determine which is the most likely interpretation
for this non-detection.
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4 CONCLUSIONS
In this study, we have found no evidence for low frequency,
coherent radio emission originating from SGRB 181123B.
We searched for persistent emission during the plateau phase
and short duration radio flares throughout the full obser-
vation. We have compared this non detection to theoretical
models to place deep and constraining limits. Unfortunately,
the redshift of GRB 181123B is unknown and, hence, we are
unable to draw final conclusions regarding the physical pro-
cesses ongoing in this event. However, this work shows the
potential of doing this with future observations that have an
associated redshift.
Assuming that GRB 181123B was at a redshift greater
than 1.05, we are able to show that our non detection implies
that the fraction of energy contained within the magnetic
fields in the relativistic jets is an order of magnitude lower
than expected for magnetic reconnection models for GRB
prompt emission. More rapid slew times for radio telescopes
are required to be able to constrain this model for lower
redshifts. Starling et al. (2020) also aims to constrain this
model at low redshift for X-ray flares, which are believed
to be from the same emission mechanism as the prompt
gamma-ray emission, by exploiting the observed delay be-
tween triggering on the prompt emission and the X-ray flares
enabling simultaneous radio observations.
The X-ray light curve of GRB 181123B shows evidence
of on-going energy injection during the first few hundred
seconds before stopping abruptly and resuming a power law
decay associated with the afterglow phase. We interpret
this energy injection as resulting from a newborn magne-
tar, formed via the merger of two neutron stars, which col-
lapses to form a black hole at ∼400 seconds. By fitting the
X-ray light curve, we were able to constrain the magnetar
parameters required to test coherent radio emission models.
We find that the magnetar parameters are unphysical for
redshifts >0.14 for a 2.1 M neutron star (> 0.08 for a 1.4
M neutron star). Thus, if this model is correct, we would
expect the event to occur at a low redshift. We find there
are catalogued galaxies that would be consistent with this
interpretation, all offset from the GRB localisation implying
significant kicks.
The first model tested was that of pulsar like emission
from the newly formed magnetar during the energy injec-
tion phase (e.g. Totani 2013). We find that the predicted
emission is ∼4 orders of magnitude brighter than the upper
limited obtained assuming an efficiency of 10−4 expected for
standard pulsars. We can constrain the efficiency of conver-
sion of rotational energy into coherent radio emission for the
newborn neutron star to be ≤ 6×10−8. Explanations for this
non-detection that require further study include absorption
of the emission by the surrounding medium or the beam-
ing of the X-ray emission is different to that of the radio
emission.
The second model tested predicted a short flash of co-
herent radio emission when the magnetar collapses to form a
black hole and magnetic reconnection of the field lines occurs
(Falcke & Rezzolla 2014; Zhang 2014). We find this emission
would only be detectable for events at redshifts ≤ 0.05 for an
assumed efficiency of 10−6 and a radio spectral index of -2.
Therefore, our non-detection is consistent with this model.
Analysis of GRB 181123B, shows the ability of the cur-
rent generation of radio telescopes to extensively test these
emission model theories. With observations of more neutron
star binary mergers (via triggering on cosmological SGRBs
or low redshift gravitational wave events) and careful mod-
elling, we will either detect this emission, be able to show
the emission models are incorrect or that the surrounding
medium is opaque to coherent radio emission.
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